Inorganic phosphate (Pi) is an essential nutrient for human health. Due to our change in dietary 22 pattern, dietary Pi overload engenders systematic phosphotoxicity, including excessive Pi related 23 vascular calcification and chronic tissue injury. The molecular mechanisms of the seemingly 24 distinct phenotypes remain elusive. In this study, we found that Pi directly mediates diverse 25 cellular toxicity in a dose-dependent manner on a cell-based model. At moderately higher than 26 physiological level, extracellular Pi promotes cell proliferation by activating AKT and 27 extracellular signal-regulated kinase 1/2 (ERK1/2) cascades. By introducing additional Pi, we 28 observed significant cell damage caused by the interwoven Pi related biological processes, 29 including activation of mitogen-activated protein kinase (MAPK) signaling, endoplasmic 30 reticulum (ER) stress, epithelial-mesenchymal transition (EMT) and apoptosis. Taken together, 31 elevated extracellular Pi results in a broad spectrum of toxicity by rewiring complicated 32 signaling networks that control cell growth, cell death, ER stress, and cell mobility.
Introduction

35
Phosphate (PO 4 ) is an essential nutrient for all living organisms. It maintains and modulates normal cell 36 functions. In vivo, organic PO 4 compounds are metabolized to inorganic phosphate (Pi) in the form of 37 dihydrogen phosphate (H 2 PO 4 ) and monohydrogen phosphate (HPO 4 ). Pi serves as important substrate 38 donor for important biological molecules, and plays key roles in a variety of biological processes, such 39 as synthesis of DNA and RNA (as nucleic acid), storage and transfer of energy (as ATP), regulation of 40 cell metabolism and cell signaling (as protein phosphorylation), and maintenance of cell membrane 41 integrity (as phospholipids) (Michigami, Kawai et al., 2018) . At systematic level in vertebrates, Pi is gingivitis (Goodson, Shi et al., 2019) , heart disease (Cancela, Santos et al., 2012, Tonelli, Sacks et al., 48 2005), diabetes (Mancini, Affret et al., 2018) , kidney disease (Kalantar-Zadeh, Gutekunst et al., 2010, 49 Marks, Debnam et al., 2013) and cancer (Brown & Razzaque, 2018) . Cellular studies have demonstrated 50 extensive effects on both skeletal and extraskeletal tissues by elevated extracellular Pi. In skeletal cells, 51 increase of Pi alters diverse cell behaviors, such as osteoblast (Beck, 2003) and osteoclast 52 differentiation (Kanatani, Sugimoto et al., 2003) , and vascular smooth muscle calcification (Giachelli, 53 2009). Extraskeletal, Pi has been identified as an essential nutrient for cell growth (Chang, Yu et al., 54 2006 , Conrads, Yi et al., 2005 and proliferation (Roussanne, Lieberherr et al., 2001) . In human lung 55 cells, elevated Pi could accelerate cell growth by activating AKT and MAPK signaling(Chang et al., 56 2006), suggesting its potential roles in tumorigenesis. Studies in mice have suggested positive 57 correlations between high serum Pi and cancer (Camalier, Young et al., 2010 , Jin, Xu et al., 2009 Kim et al., 2015) . In JB6 mice model, a high Pi diet resulted in cell transformation and skin 59 tumorigenesis by stimulating N-Ras and downstream ERK1/2 phosphorylation (Jin et al., 2009) . In K-60 ras LA1 mice, elevated Pi promoted lung cancer progression at early stage by stimulating cell proliferation 61 and angiogenesis (Lee et al., 2015) . On the other hand, evidence also showed Pi's toxic effects of 62 triggering cell death (Di Marco, Hausberg et al., 2008) and tissue damage (Nakatani, Sarraj et al., 2009, 63 Yoshikawa, Yamamoto et al., 2018 , Zhang, Yang et al., 2018 . Abnormally high levels of Pi caused 64 mitochondrial oxidative stress in endothelial cells, which further led to apoptosis (Di Marco et al., 2008) . 65 We previously showed elevated Pi (11.2±0.5 mg/dl) in Fgf23-null and Fgf23/klotho double-knockout 66 Page 4 of 35 mice compared to wild-type mice (7.7±0.3 mg/dl). The genetically induced high Pi in mice serum 67 caused severe renal structure damage (Nakatani et al., 2009) . Hyperphosphatemia was also found to be 68 associated with skeletal muscle atrophy in mice mimicking chronic kidney disease (CKD) (Yoshikawa et 69 al., 2018 , Zhang et al., 2018 . In humans, elevated dietary phosphorus consumption is associated with 70 gingivitis by influencing cytokine levels (Goodson et al., 2019) . Higher levels of serum phosphate are 71 reported to be correlated with increased risk of heart failure and myocardial infarction (Tonelli et al., 72 2005) . However, the molecular mechanism underlying the Pi induced tissue injury remains poorly 73 understood. 74 In the present study, we comprehensively investigated Pi mediated cellular responses in vitro. First, we 75 examined Pi's effects on cell proliferation/viability by exposing cells to increase the amount of Pi. Next, 76 we tested the alterations of various signaling transducers modulating AKT, MAPK, ER stress, EMT and 77 apoptosis pathways in the context of high Pi. Finally, we applied inhibitors against these molecular 78 events to the Pi treated cells to unravel how these biological processes interact and contribute to the 79 broad spectrum of phosphotoxcity.
81
Results 82 1. Elevated Pi increases proliferation and causes cell death in a dose-dependent manner. 83 We reported excessive Pi could cause massive renal damage in mice that reduced overall 84 survival (Nakatani et al., 2009) . Literature also demonstrates the effects of Pi on cell 85 proliferation in cells originated from kidney, such as HEK293 (Yamazaki, Ozono et al., 2010) . 86 Here we also chose another immortalized cell line, HeLa, which is derived from cervical cancer 87 and extensively described in literature. Both lines are widely used as homogenous experimental 88 cell lines to ensure the consistency of cellular response and the reproducibility of data. Therefore,
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Page 5 of 35 we used HEK293 cells as primary and HeLa cells as secondary cell models in this study. To 90 study cell response to extracellular Pi, we firstly exposed HEK293 and HeLa cells to a wide 91 range of Pi for 24hrs. The XTT assay analysis demonstrated that a moderate increase of 92 extracellular Pi (up to 10mM) could promote cell viability/proliferation in HEK293 (Fig. 1A ) 93 and HeLa cells (Fig. 1B) . The relative absorbance reached climax at 8mM of Pi by a 21% 94 increase in HEK293 cells and a 24% increase in HeLa cells relative to the same concentration of 95 sulfate (negative control) treated cells. When Pi concentration was above 16mM, it became 96 detrimental ( Fig. 1, A and B) , and over 90% of the cells were dead at 64mM Pi. The data 97 suggests that extracellular Pi may have a dose-dependent differential effect on cell proliferation 98 and death. To understand the molecular mechanisms of Pi related cell proliferation and cell death, we 107 extracted the total proteins from cells treated with increasing amounts of Pi and analyzed target 108 proteins level change by WB analysis. We found 10mM Pi treatment significantly augmented the 109 phosphorylation of AKT at threonine 308 (T308), but did not alter the phosphorylation of AKT 110 at serine 473 (S473) (Fig. 1, C and D) . We also found slightly elevated phosphorylation of 111 Page 6 of 35 ERK1/2 ( Fig.1, C and D) . These data suggest a moderate increase of Pi could activate AKT and 112 ERK signaling pathways. 113 114 3. Excessive Pi causes cell death, stimulates ER stress and EMT signaling 115 3.1 High concentration of extracellular Pi triggers apoptosis 116 We observed high concentrations of Pi (over 16mM) could decrease cell viability in the XTT 117 assay (Fig. 1, A and B) . To understand the type of Pi induced cell death, we studied 118 morphological changes in cell exposed to moderately high (10mM) and higher (40mM) levels of 119 Pi under the microscope. IF microscopy showed that 40mM Pi treated cells, compared to non-120 treated and 10mM Pi treated groups, displayed clear cell shrinkage and fragmented nuclei in both 121 HEK293 ( Fig. 2A) and HeLa (Fig. 2F) fig. S1 ), 24hrs and 48hrs ( Fig. 2, B , C, G and H). Necroptosis is 124 another type of programmed cell death, which also involves the cleavage of Caspase-8(Gunther, 125 Martini et al., 2011) . We, therefore, tested the expression of two key necroptotic biomarkers, 126 phosphorylated RIP and phosphorylated MLKL. However, we could detect neither of the 127 proteins with high Pi exposure at times ranging from 8hrs to 48hrs ( fig. S2, A and B) . While keeping concentration of extracellular Pi to 20mM and 40mM Pi, we observed a further 132 increase of phosphorylation of AKT and ERK1/2, especially for the phosphorylation of ERK1/2 133 (Fig. 1, C and D) . We then examined upstream signal transducers of ERK1/2 signaling, and 134 Page 7 of 35 detected extensive activation of the whole signaling pathway (inclined phosphorylation of c-Raf 135 and MEK1/2) in the context of high Pi exposure ( Fig. 2, B , C, G and H). Beyond ERK1/2 136 signaling, we tested other components of MAPK signaling molecules, such as Jun amino-137 terminal kinase (JNK) and p38. At higher concentrations of Pi, especially at 40mM Pi, we found 138 a sharp increase of JNK and p38 phosphorylation (Fig. 2, B, C, G and H, and fig.S2C ). These 139 data indicate higher level (above 20mM) of Pi could further induce AKT and MAPK signaling. 
Elevated Pi leads to the activation of ER stress and EMT signaling 142
We speculated Pi overdosing may trigger homeostasis imbalance in vivo and consequently result 143 in cell injury. ER stress is one of such key regulators of homeostasis (Walter & Ron, 2011) . 144 Hence, we examined the biomarkers of all three branches of ER stress pathways. We found 145 increased levels of BiP, ATF4 and XBP-1s in high Pi (over 20mM Pi) treated cells compared to 146 non-treated cells (Fig. 2, B , C, G and H). Interestingly, in 20mM and 40mM Pi treated HEK293 147 and HeLa cells, we detected a pronounced rise of modified XBP1s that shift its molecular weight 148 (Mw) from 52kDa to 70kDa. This is possibly caused by post-translational modification (PTM). 149 Unexpectedly, we also found TGF-β-induced EMT by showing a decline in E-Cadherin in 150 HEK293 cells (Fig. 2, D and E) and an increase in phosphorylated Smad2 and Snail in both 151 HEK293 (Fig. 2, B -E) and HeLa cells (Fig. 2, G and cell death. We wanted to further study how extracellular Pi orchestrates these elements to 158 contribute to the pro-survival and pro-death effects. To address this fundamental question, we 159 applied inhibitors of AKT, MEK1/2, JNK and ER stress to the cultured cells exposed to increase 160 amount of Pi. (Fig. 3, A and B) . 171 Conversion of LC3-I to LC3II is a commonly used marker to reflect autophagic 172 flux (KlionskyAbdelmohsen et al., 2016) . High Pi at 20mM and 40mM concentrations blocked 173 autophagy presented as the reduction of LC3II/I ratio by 23% and 35% respectively, in contrast 174 to 1mM Pi treated cells (Fig. 3, C In addition, the XTT assay demonstrated that MK-2206 significantly attenuated cell growth by 181 28% at 1mM Pi, abolished Pi promoted cell proliferation at 10mM Pi and exacerbated Pi-elicited 182 cell loss by 47% at 20mM and 67% at 40mM (Fig. 3E) . However, we did not observe significant 183 change in Cleaved Caspase-3/8 (Fig. 3, C and D) suggesting high Pi activated AKT signaling 184 does not affect apoptosis. More interestingly, AKT inhibitors, especially MK-2206, also 185 distinctively enhanced the phosphorylation of MEK1/2 and ERK1/2, and elevated the expression 186 of ATF4 and XBP1s (Fig. 3, A and B) , indicating AKT's inhibitory impact on ERK1/2 signaling 187 and ER stress. However, MK-2206 did not seem to perturb TGF-β induced EMT in HEK293 and 188 HeLa cells ( fig. S4 ). (Fig. 4, A and B) , and in turn partially 192 prevented Pi-induced cell death ( Fig. 4, E) by reducing Cleaved Caspase 3/8 (Fig. 4, C and D) . 193 This suggests that Pi associated cell death is partially ascribed to hyper-stimulated ERK1/2 194 signaling promoted apoptosis. U0126 treatment also in part blunted excessive Pi induced 195 upregulation of Snail, but it did not alter the phosphorylation of Smad2 (Fig. 4, A (Fig. 5, A and B) . The ER stress inhibitor also repressed high Pi mediated cleavage of 204 Caspase-3 suggesting its role in anti-apoptosis. 205 In parallel, a JNK inhibitor, SP600125, could not only impede excessive Pi mediated activation 206 of JNK signaling, but distinctively diminished BiP level as well (Fig. 5, C and D) . We also (Fig. 1, A and B) . AKT phosphorylation on-site T308 specifically, which in turn triggered phosphorylation of RAF, MEK 227 and ERK, indicating Pi's involvement in cell proliferation (Chang et al., 2006) . Consistently, we 228 observed similar phenomena at pro-survival dosage of Pi (Fig. 1, C and D, Fig. 2, B and C) , and Pi 229 promoted cell proliferation was blunted by AKT inhibitor (Fig. 3E) . mTORC1, activated downstream of 230 PI3K-AKT signaling, is one of the key regulators of metabolism and growth (Dibble & Cantley, 2015) . 231 We verified high Pi stimulated mTOR signaling (Fig. 3, A and B) . ). We observed both anti-and pro-apoptotic functions of ERK signaling. Moderate increase of 252 extracellular Pi to 10mM slightly enhanced ERK1/2 signaling (Fig. 1, C and D) . A MEK1/2 inhibitor, 253 U0126, mitigated Pi promoted cell proliferation (Fig. 4E) , suggesting ERK pathway's contribution to 254 cell survival. The introduction of additional Pi to 20mM and 40mM markedly activated ERK and 255 subsequently led to apoptosis by activating Caspase-3/8 (Fig. 2, B and G) . U0126 blocked apoptosis 256 triggered by high Pi stimulated ERK signaling (Fig. 4) , indicating the direct link between high Pi 257 upregulated ERK signaling and cell death. Unlike ERKs pathways, environmental stresses (such as ER 258 stress and oxidative stress) and inflammation activated JNK and p38 are mainly involved in apoptosis 259 and inflammatory response(Morrison, 2012). Indeed, we observed a dramatic induction of JNK and p38 260 phosphorylation at 40mM Pi (Fig. 2, B, C, G and H, fig. S2C ). JNK inhibitor could partly prevent the 261 cleavage of Caspase-3/8, indicating that activated JNK also contributes to excessive Pi caused apoptosis. (PERK), transcription factor 6 (ATF6), and IRE-1, function in parallel to increase ER protein-273 folding capacity, decrease protein load and restore ER homeostasis. If these mechanisms of 274 adaptation fail to reestablish ER homeostasis, cells would die by the mechanism of 275 apoptosis (Iurlaro & Munoz-Pinedo, 2016) . We found high Pi associated upregulation of ER 276 stress markers (Fig. 2, B, C, G and H) (Jiang, Fan et al., 2012) . In context of 283 high Pi, elevated SUMOylated XBP1s may be one of the contributing factors to cell death. 284 However, further studies are needed to figure out the nature of Pi associated XBP1s 285 modification. Finally, ER stress inhibitors could partially block apoptosis (Fig. 5, A and B ) 286 indicating ER stress participates in high Pi-induced cell damage. 287 High Pi environment could also potentiate cancer metastasis (Brown & Razzaque, 2018) Weinberg, 2011). In vitro, high environmental Pi reduced expression of E-Cadherin and 296 increased level of phosphor-Smad2 and Snail (Fig. 2, D, E, G and H high Pi-induced Snail (Fig. 4, A and B) , confirming the ERK's positive effects on EMT in the 305 context of high Pi (Fig. 6) . 306 To further study the Pi regulated signaling networks, we are currently expanding our research to 307 various other primary and cancer cells derived from kidney, skin, and lung. We have provided 308 clear evidence of high Pi-induced cell death, and shown the signaling cross-talks that are 309 involved in apoptotic cell death. There are, however, a few areas that will need further studies in 310 different research set up using both in vitro and in vivo tools: 1) is Pi induced apoptosis intrinsic 311 or extrinsic or both? 2) how to link Pi caused ER stress to apoptosis? The results of our cell-312 based studies provide the template to establish further in vitro and in vivo studies to deepen our 313 understanding of the underlying molecular mechanisms of high-phosphate-induced disease 314 pathologies. Also, our results provide molecular signatures that have the potential to be either a 315 biomarker and/or a therapeutic target to minimize high phosphate-induced cellular and tissue 316 damages in diseases affecting various systems, such as cardiovascular to renal systems. probed with diluted primary antibodies used at the manufacturer's recommended concentrations. 407 Proteins were visualized using HRP conjugated secondary antibodies and chemiluminescence 408 detection. The blot was stripped and re-probed using NewBlot Stripping Buffer (LI-COR) or The ratios of phosphorylated /Pan for each target or target protein/GAPDH is divided by that of 667 the control (1mM Pi) to obtain the relative value for each treatment.
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